RNA binding proteins are involved in many aspects of RNA metabolism. In Trypanosoma brucei, our laboratory has identified two trypanosome-specific RNA binding proteins P34 and P37 that are involved in the maturation of the 60S subunit during ribosome biogenesis. These proteins are part of the T. brucei 5S ribonucleoprotein particle (5S RNP) and P34 binds to 5S ribosomal RNA (rRNA) and ribosomal protein L5 through its N-terminus and its RNA recognition motif (RRM) domains. We generated truncated P34 proteins to determine these domains' interactions with 5S rRNA and L5. Our analyses demonstrate that RRM1 of P34 mediates the majority of binding with 5S rRNA and the N-terminus together with RRM1 contribute the most to binding with L5. We determined that the consensus ribonucleoprotein (RNP) 1 and 2 sequences, characteristic of canonical RRM domains, are not fully conserved in the RRM domains of P34. However, the aromatic amino acids previously described to mediate base stacking interactions with their RNA target are conserved in both of the RRM domains of P34. Surprisingly, mutation of these aromatic residues did not disrupt but instead enhanced 5S rRNA binding. However, we identified four arginine residues located in RRM1 of P34 that strongly impact L5 binding. These mutational analyses of P34 suggest that the binding site for 5S rRNA and L5 are near each other and specific residues within P34 regulate the formation of the 5S RNP. These studies show the unique way that the domains of P34 mediate binding with the T. brucei 5S RNP.
Introduction
Ribosome biogenesis is a conserved cellular process that is essential in all organisms. This process requires the coordination of ribosomal RNAs (rRNA), ribosomal proteins and over 200 accessory factors to form functional ribosomes [1, 2] . In eukaryotes, ribosome biogenesis begins in the nucleolus where three of the four rRNA species are co-transcribed as a 35S precursor rRNA [3] . The fourth rRNA, 5S rRNA is transcribed in the nucleoplasm (except in a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Saccharomyces cerevesiae where this process takes place in the nucleolus) [4] . 5S rRNA then forms a nucleoplasmic 5S ribonucleoprotein particle (5S RNP) with ribosomal protein L5 and is trafficked into the nucleolus [5] . Once in the nucleolus, additional components join the complex including ribosomal protein L11 and the assembly factors Rpf2 and Rrs1, which function to properly assemble the other members of the 5S RNP to the 60S pre-ribosomal subunit [5] [6] [7] [8] [9] . The 35S precursor rRNA is subsequently cleaved and processed into rRNA components that together with ribosomal and non-ribosomal proteins form the 43S and 66S pre-ribosomal subunits [10] . These two subunits are further modified and are exported to the cytoplasm as 60S and pre-40S pre-ribosomal subunits. The pre-40S undergoes its final maturation steps and joins with the mature 60S to form the 80S ribosome that performs protein synthesis [10] .
Although many aspects of ribosome biogenesis are conserved in eukaryotes, several unique components have been identified in the parasite Trypanosoma brucei, the causative agent of African trypanosomiasis in humans and livestock [11] [12] [13] . One major difference in T. brucei ribosome biogenesis identified by our laboratory is the involvement of two trypanosome-specific RNA binding proteins, P34 and P37 in this pathway [14, 15] . These two proteins are involved in the maturation of the 60S pre-ribosomal subunit and also assemble in the nucleoplasmic and nucleolar 5S RNP [16] [17] [18] . Characterization of these two proteins suggests that they have similar functional and biochemical properties. Structurally, both P34 and P37 contain two central RNA recognition motifs (RRM). In the C-terminal KKDX repeat domain, they have a putative nuclear export signal as well as putative nucleolar and nuclear localization signals. The major difference between P34 and P37 is the presence of 18 extra amino acids in the N-terminal region of P37. Knockdown of these two proteins by RNA interference leads to a loss of cell viability, a decrease in 5S rRNA levels, and defects in ribosome formation [14] . In vitro studies of the interactions within the T. brucei nucleoplasmic 5S RNP showed that specifically the N-terminus and the RRM domains of P34 are involved in mediating interactions with ribosomal protein L5 and with 5S rRNA [19, 20] . Because these proteins have been shown to be structurally and functionally similar, we characterized the P34 protein in these studies.
RRMs are RNA binding domains that have been shown to mediate RNA binding and in some instances also mediate protein binding [21] . RRM domains are canonically composed of four β-strands packed against two α-helices that fold into a βαββαβ topology. These domains recognize their RNA target through consensus sequences ribonucleoprotein (RNP) 1 and 2 that are located in the β1 and β3 strands [21, 22] . Although these consensus sequences are involved in binding to the RNA target, studies have shown that in some instances, the elements flanking the RRM domains (the N-and/or C-terminus) and/or the linker regions (between the folds of the RRM domains or the ones joining the RRM domains) confer specificity of binding [23] . The ability of the RRM domains of P34 to mediate binding to both 5S rRNA and L5 protein led us to further investigate how these domains of P34 function. First, we evaluated how the RRM domains and flanking regions of P34 interact with 5S rRNA and L5 protein. Second, we identified the residues in the RRM domains of P34 that are involved in mediating interactions between 5S rRNA and L5. From these studies, we have provided another example of how RRM domains use versatile mechanisms to mediate not only protein-RNA interactions but also protein-protein interactions.
(Thermo Fisher Scientific). Specific primers were designed (Table 1 ) and used to amplify different regions of P34 in order to generate truncates of the P34 protein (Fig 1) and used in sitedirected mutagenesis (GeneArt, site-directed mutagenesis system, Thermo Fisher Scientific) to generate mutated P34 proteins.
DNA sequence analysis was used to confirm that all the recombinant protein expression plasmids were properly cloned. These P34 truncates and mutated P34 proteins were expressed from the pTrcHis TOPO vector (Thermo Fisher Scientific) as described below. Expression of recombinant proteins was induced with 1 mM IPTG for 5 hours at 37˚C. Cell pellets were frozen at -80˚C, thawed, resuspended in 1X native purification buffer (50 mM NaH 2 PO 4 pH 8.0, 500 mM NaCl) and incubated with lysozyme (final concentration 1mg/ml) for 1 hour at 4˚C. Recombinant proteins were then purified as previously described [16] . Eluted fractions of the recombinant proteins were analyzed by SDS polyacrylamide gel electrophoresis and visualized with Coomassie blue staining and by western blotting (S1 Fig). Fractions containing the recombinant proteins were aliquoted as 200 μl fractions and frozen at -80˚C. ATG GCC CCA AAG TCT GCT GC  P34 R  TCA CTG CTT CCT CTT GGC AT  P34 N-terminus-RRM2 F  ATG GCC CCA AAG TCT GCT GC  P34 N-terminus-RRM2 R  TCA GCG AGT TGA AAG AGC CAC ACG TAG  P34 N-terminus-RRM1 F  ATG GCC CCA AAG TCT GCT GC  P34 N-terminus-RRM1 R  TCA GGT TTT GGC AGG GCT TAC GGT CAC  P34 RRM1-RRM2 F  AAC GGT GTG TAT GTG AAG AAC TGG  P34 RRM1-RRM2 R  TCA GCG AGT TGA AAG AGC CAC ACG TAG  P34 RRM1 F AAC GGT GTG TAT GTG AAG AAC TGG P34 RRM1 R TCA GGT TTT GGC AGG GCT TAC GGT CAC P34 RRM2 F TCC GTT GTG TTC CTG TCG CCC ATC P34 RRM2 R TCA GCG AGT TGA AAG AGC CAC ACG TAG P34 Y60A F GGC ACC CAC AAC GGT GTG GCA GTG AAG AAC TGG GGT CAG P34 Y60A R CTG ACC CCA GTT CTT CAC TGC CAC ACC GTT GAG GGT GCC P34 Y92A F CAG ATC CGT CGG CGC CGC GCC ATT ATC TTC TTC GAG P34 Y92A R CTC GAA GAA GAT AAT GGC GGC GCG GCG CCG ACG GAT CTG P34 F141A F GAG GGC TCT TCC GTT GTG GCC CTG TCG CCC ATC TTC CGT P34 F141A R ACG GAA GAT GGG CGA CAG GGC CAC AAC GGA AGA GCC CTC P34 Y174A F  CGG ACG TAC CAT CAG AAC GCT GCT TAC GTG TAC CTT GAC  P34 Y174A R  GTC AAG GTA CAC GTA AGC AGC GTT CTG ATG GTA CGT CCG  P34 Y176A F  TAC CAT CAG AAC TAT GCT GCC GTG TAC CTT GAC TCG GCT  P34 Y176A R  AGC CGA GTC AAG GTA CAC GGC AGC ATA GTT CTG ATG GTA  P34 R88-91A F  AGT GCT CAG ATC GCC GCA GCG GCC TAC GCC ATT ATC  P34 R88-91A R  GAT AAT GGC GTA GGC CGC TGC GGC GAT CTG AGC ACT  P34 R88-91K F  GTC AGT GCT CAG ATC AAA AAG AAG AAA TAC GCC ATT ATC TTC  P34 R88-91K R  GAA GAT AAT GGC GTA TTT CTT TTT CTT GAT CTG AGC ACT GAC  P34 R91A, Y92A F  CAG ATC CGT CGG CGC GCA GCG GCA ATT ATC TTC TTC GAG  P34 R91A, Y92A R  CTC GAA GAA GAT AAT TGC CGC TGC GCG CCG ACG GAT Filter binding assays 5S rDNA (cloned into a pCR TOPO 2.1 vector, Thermo Fisher Scientific) was amplified using a forward primer containing a T3 promoter sequence and a reverse primer (Table 1) to generate a template that was used in a T3-driven in vitro transcription of radiolabeled [α-
32
P] UTP 5S rRNA (MaxiScript, Thermo Fisher Scientific). The radiolabeled 5S rRNA was separated from unincorporated nucleotides using Nuc-Away spin columns (Thermo Fisher Scientific). For the filter-binding assays, the radiolabeled 5S rRNA was kept at a constant concentration (0.05 nM) and incubated with increasing concentrations (0-300 nM) of recombinant proteins (full length, truncated, or mutated P34 proteins). The protein-RNA mixture was incubated in binding buffer (10 mM Tris pH 7.4, 1 mM EDTA, 100 mM NaCl and 100 μg/ml BSA) for 30 minutes at room temperature. After incubation the reactions were applied to a nitrocellulose membrane (to capture protein bound 5S rRNA) underlaid with a nytran membrane (to capture the unbound 5S rRNA), and then filtered by vacuum (Bio-dot vacuum filtration apparatus, Bio-Rad). The radioactivity associated with both membranes was measured using a phosphorimager (Bio-Rad). The amount of bound rRNA for each protein concentration used was calculated as a ratio of the signal obtained from the nitrocellulose membrane to the total signal on both membranes (percent 5S rRNA bound = [bound/(bound + unbound)]. The binding affinities (Kd) of 5S rRNA for the recombinant P34 proteins were calculated using GraphPad prism 5 using the equation Y = Bmax Ã (X/Kd +X). Y = bound 5S rRNA, Bmax = 100%, the theoretical maximal signal that can be obtained if all of the RNA is bound to the protein in the reaction mixture, X = concentration of protein Kd = binding affinity. 
Immune capture experiments
The preparation of antibody-coated beads was performed as previously described [20] . The beads were coated with anti-P34/P37 antibody [15] and incubated with recombinant proteins (1 μg each) for 1 hr at 4˚C with gentle rotation. After incubation, the supernatants were removed and the beads, coated with antibody-protein complexes, were washed three times in PBS-T (PBS-tween 20). The protein complexes were eluted from the beads by resuspending them in SDS sample buffer and then heating at 70˚C for 10 minutes. The eluted fractions (bound L5), together with the supernatant (unbound L5) and the input (antibody control), were analyzed by SDS polyacrylamide gel electrophoresis followed by western blotting using anti-L5 antibody [16] . To determine the amount of L5 protein bound to the P34 truncates or mutants,we quantified the signal associated with the pellet (P) fractions (representing the bound L5) in each reaction. We then normalized the values obtained from these quantifications to the values obtained from the wild type reaction (L5 + P34 FL), which was set to 1. These experiments were performed with at least three biological replicates. Representative blots are shown and the quantified mean with the calculated standard error of the mean (SEM) are shown as bar graphs underneath the blots.
Results
The RRM1 domain of P34 mediates most of the binding between P34 and 5S rRNA Previous studies from our laboratory showed that the RRM domains and the N-terminal domain of P34 are important in mediating interactions with 5S rRNA and that the C-terminal domain alone did not bind to 5S rRNA [19] . Based on these studies, we generated truncated P34 proteins that consisted of the N-terminus with the RRM domains, the RRM domains together, and the RRM domains individually in order to further characterize how these domains of P34 mediate binding with 5S rRNA (Fig 1) . These recombinant protein truncates were prepared in E. coli and their interaction with 5S rRNA was characterized using filter binding assays. From these experiments, the calculated binding affinity of 5S rRNA for the full length P34 protein under our conditions was 30 ± 3 nM (Fig 2. Panel A) . In the absence of the C-terminus, the binding affinity of 5S rRNA for P34 decreased two fold (Kd = 66 ± 14 nM) compared to the binding affinity of 5S rRNA for the full-length P34 (Fig 2. Panel B) . In the absence of both the RRM2 and the C-terminus domains of P34, the binding affinity decreased three fold (Kd = 103 ± 13 nM) relative to the binding affinity for the full-length P34 protein (Fig 2. Panel C) . These results show that the RRM2 domain and the C-terminus of P34 contribute to the binding affinity of 5S rRNA for P34.
The binding affinity of 5S rRNA for the RRM domains alone (Fig 2. Panel D) was two fold less (Kd = 67 ± 15 nM) than the binding affinity of 5S rRNA for the full-length P34 protein (Fig 2. Panel A) . This result is similar to the calculated binding affinity of 5S rRNA for the P34 construct lacking only the C-terminus (Fig 2. Panel B) . Comparing this result to the binding affinity of 5S rRNA for the P34 construct lacking both the C-terminus and RRM2 (Fig 2. Panel C) and the construct lacking the C-terminus alone (Fig 2. Panel B) , we hypothesized that the region of P34 that contributes the most to binding with 5S rRNA is located in the RRM domains. To test this hypothesis, we performed filter binding assays between 5S rRNA and each of the P34 RRM domains individually. Results from these experiments showed that RRM1 (Fig 2. Panel E) or RRM2 (Fig 2. Panel F) alone have a binding affinity to 5S rRNA that decreased two fold (Kd = 69 ± 11 nM) and tenfold (Kd = 297 ± 115 nM) respectively relative to full-length P34 protein (Fig 2. Panel A) . Therefore, we concluded that the RRM1 domain of P34 mediates majority of the binding between P34 and 5S rRNA (compare Fig 2. Panels B-E). Interestingly, when the N-terminus is combined with RRM1 alone there was a small negative effect on 5S rRNA binding but this was not observed when the N-terminus was combined with both RRM1 and RRM2 (compare Fig 2. Panel B and Panel C). This result suggests that one of the roles of RRM2 could be to alleviate this negative effect on 5S rRNA binding.
The N-terminus and RRM1 of P34 mediate most of the binding between P34 and L5
Our laboratory previously showed that the N-terminus and RRM domains of P34 are involved in not only mediating the interaction between P34 and 5S rRNA but also with L5 protein [20] . Therefore, we used the same truncated P34 proteins from the studies with 5S rRNA (Fig 1) in immune capture assays in order to characterize how these domains mediate protein-protein interactions with L5. The immune captured complexes were analyzed by western blotting using anti-L5 antibody (Fig 3. The bar graphs represent the mean and standard error of the mean (SEM) on at least three biological replicates).
Result from these experiments showed that similar amount of L5 was bound to the P34 protein lacking the C-terminus (1.1) (Fig 3 lane 7) relative to the amount of L5 that bound to the P34 full-length protein (set as 1) (Fig 3 lane 5) . Also a similar amount of L5 was bound to the P34 truncate protein lacking both RRM2 and the C-terminus (0.93) (Fig 3 lane 9) relative to the amount of L5 that bound to the P34 full-length protein (Fig 3 lane 5) . Therefore, from these two experiments we concluded that both RRM2 and the C-terminus of P34 do not The N-terminus and RRM1 domains of P34 mediate the majority of the interaction between P34 and L5 protein. P34 or P34 truncated proteins were incubated with L5 and added to beads cross-linked with anti-P34/P37 antibody (IC: P34/P37) to capture P34 with L5 bound. The immune captured complexes were analyzed by western blotting (Wb) using anti-L5 antibody (L5 = 35 kDa). M = molecular weight marker, Beads alone = no anti-P34/P37 antibody, I = Input (50% of total protein used in experiment, anti-L5 antibody control), S = supernatant (unbound L5), P = (bound L5). The blots were cropped to remove the input (I) lanes because they are redundant. The bar graph represents the mean of at least three biological replicates and the error bars represent the standard error of the mean (SEM).
contribute to the binding between P34 and L5. There was approximately a two-fold decrease in the amount of L5 bound to the RRM domains alone (0.64), (Fig 3 lane 11) and also in the amount of L5 bound to the P34 RRM1 truncate protein alone (0.65) (Fig 3 lane 13) relative to the amount of L5 bound to the P34 full-length protein (Fig 3 lane 5) . Collectively, these results suggest that the N-terminus of P34 contributes more to the binding with L5 than either RRM2 or the C-terminus (Fig 3. compare lanes 7, 9, and 11 ). There was also a two-fold decrease in the amount of L5 that was bound to the P34 RRM2 truncate protein alone (0.54) (Fig 3 lane  15) relative to the amount of L5 bound to the P34 full-length protein (Fig 3 lane 5) . This shows that the RRM2 construct alone is able to bind L5. However, in the presence of the N-terminus and RRM1 domains of P34, its contribution to binding with L5 is negligible. Since the results of the immune capture experiments between L5 and P34 truncates containing the N-terminus and RRM1 were similar, we concluded that these are the domains that mediate the most binding with L5 (Fig 3. compare lanes 7, 9,11 and 13) .
Mutation of the aromatic amino acids of the RNP1 and RNP2 consensus sequences in P34 lead to a modest increase in the binding affinity of 5S rRNA for P34
In addition to possessing a canonical tertiary structure, RRM domains are also defined by the presence of two consensus RNP1 and RNP2 sequences in the β1 and β3 strands that mediate binding with their RNA target [21, 22] . RNP2 is composed of six amino acid residues
and is located approximately 30 residues N-terminal to RNP1 which is composed of eight amino acid residues ( [24] . The aromatic residues in position 2 of RNP2 and in positions 3 and 5 of RNP1 have been specifically described to mediate base stacking interactions with the RNA target and in maintaining the hydrophobic surface of the β-sheet [23, 25, 26] . We used the tertiary structure prediction program I-TASSER [27] [28] [29] and chimera [30] to show that the two RRM domains of P34 are predicted to be canonical RRM domains composed of four anti-parallel β-strands packed against two α-helices that fold in the βαββαβ topology (Fig 4. Panel A) .
Analysis of the primary sequence of the RRM domains of P34 showed that each of the RRMs contains partially conserved RNP1 and RNP2 consensus sequences (Fig 4. Panel B, RNP2 residues in green, RNP1 residues in red). We observed that the degree of conservation of the RNP sequences is different for the two RRM domains. Furthermore, we observed that for each of the RNP1 and RNP2 sequences in both of the P34 RRM domains, the aromatic amino acids are conserved in their respective positions (Fig 4. Panel B, aromatic amino acids are underlined). Studies have shown that mutation of these residues and/or mutations of the other residues in RNP1 and RNP2 have led to a decrease in binding between the mutated protein and its RNA binding target [26, 31] . Therefore, in order to determine whether the aromatic residues in RNP1 and RNP2 of the P34 RRM domains are involved in mediating binding between P34 and 5S rRNA, we mutated these residues to alanine because it is an amino acid that is smaller compared to the aromatic residues, neutral in terms of mediating binding, and is hydrophobic. If the aromatic residues are involved in direct binding to 5S rRNA, mutating them to alanine would be able to disrupt the interactions thereby decreasing the binding affinity of 5S rRNA for the mutated P34 protein. Surprisingly, the results from these experiments showed that the calculated binding affinity of 5S rRNA for all of the mutated P34 proteins increased by approximately two fold (Fig 5. Panels B-F) compared to the binding affinity of 5S rRNA for wild type (WT, non-mutated) P34 protein (Fig 5. Panel A) . Therefore, mutating the conserved aromatic residues in RNP1 and RNP2 of P34 to alanine leads to a stronger interaction with 5S rRNA. This suggests that in P34 the conserved aromatic residues Predicted tertiary structure of the RNA recognition motifs (RRMs) domains of P34. P34 is predicted to contain two RRM domains connected by a short linker. The RRMs are composed of four anti-parallel β-stands packed against two α-helices that fold into a βαββαβ topology. N = N-terminus, C = C-terminus, green = location of the RNP2 residues in the predicted structure, red = location of RNP1 residues in the predicted structure. Panel B. Primary sequence of P34. orange residues = RRM1, blue residues = RRM2, green residues = RNP2, red residues = RNP1, underlined residues = conserved aromatic amino acids. The colored boxes (orange = RRM1, blue = RRM2) depict the full sequences that compose the consensus RNP1 and RNP2 sequences with the colored green (RNP2) and red (RNP1) residues showing the conserved residues in both of the RRM domains of P34 protein.
https://doi.org/10.1371/journal.pone.0177890.g004 perform a non-canonical role in mediating interaction between 5S rRNA and P34. To further characterize these results, we used these mutated P34 proteins in immune capture experiments with L5 protein. The results from these experiments showed that some of the mutations bound to L5 in a similar manner to wild type non-mutated P34 protein (Y92A, Y174A, Y176A) while other mutations slightly decreased binding to L5 protein (Y60A, F141A). Thus, the observed effect of these mutated proteins on 5S rRNA binding is very specific, suggesting that they modulate binding to P34.
Mutation of four arginine residues in RRM1 of P34 leads to a decrease in binding between P34 and L5
The RRM domains of P34 are involved in mediating both protein-RNA and protein-protein interactions. In order to identify specific residues that mediate direct interactions with L5 protein, we hypothesized that since the β-sheet of the RRM domains are occupied with RNA, the α-helices of the RRM domains might contain residues that mediate binding with L5. From analysis of the primary sequence of the predicted α-helices of P34, we did not observe any signature motifs characterized to mediate protein-protein interactions. To identify which residues are important for binding with L5, we mutated charged residues (arginine, lysine, aspartate, and glutamate) in the α -helices of the P34 RRM domains to alanine in order to disrupt the electrostatic interactions between P34 and L5. These residues were mutated to alanine due to the fact that it is a small non-charged residue, which would disrupt binding (if mediated by charge) between P34 and L5. However, mutation of these residues did not have an effect on the interaction between P34 and L5. We then mutated four arginine residues (P34 R88-91A, R91A is part of RNP1 in RRM1) that are not located in the predicted α-helices but are located between the predicted β 2 -β 3 strands of RRM1 to alanine (Fig 6. Panel A purple region, Panel B purple residues). Results from the immune capture experiment showed that there was a twofold decrease in the amount of L5 that was bound to the P34 R88-91A mutated protein (0.45) relative to the control reaction (L5 + P34 WT, set ass 1) ( This result can either be interpreted as showing that these residues are those that are critical in mediating the interaction between P34 and L5 or that the mutation of these four arginine residues to alanine caused a change in the structure of the P34 protein. To dissect this result further, filter binding assays were performed between the mutated P34 R88-91A protein and 5S rRNA. This mutation did not cause a change in the binding affinity of 5S rRNA for P34 (Fig 6. Panel D) . This suggests that the decrease in binding to L5 was not due to a misfolded or a non-functional P34 protein. These four arginine residues were then mutated to lysine (P34 R88-91K) and the effect that these mutations had on the interaction between P34 and L5 were analyzed using immune capture assay. Compared to the control reaction, there was still a decrease in the amount of L5 that was bound to the P34 R88-91K mutated protein (0.75) (Fig  6. Panel C, lane 9. The bar graph represents the mean and standard error of the mean (SEM) on at least three biological replicates). Since the mutation to lysine, an amino acid similar to arginine in terms of size and charge, was unable to fully restore the binding between P34 and L5 to wild type levels, we concluded that the four arginine residues are critical in mediating interactions between P34 and L5.
Mutation of RNP1 sequences in RRM1 of P34 leads to an increase in binding between P34 and 5S rRNA and between P34 and L5 protein
In these studies we showed that the N-terminus and RRM1 domains of P34 are strongly involved in mediating the binding to both 5S rRNA and L5 and that mutation of aromatic amino acids in RNP1 and 2 in RRM1 leads to an increase in the binding of 5S rRNA to P34. We also showed that one of the residues that affect binding to L5 is part of RNP1 (Figs 4 and 6. Panels A and B, R91 part of R88-91A). These results suggest that the binding site for both 5S rRNA and L5 are close to each other. Therefore, we hypothesized that the RNP1 residues in the RRM1 domain of P34 regulate both 5S rRNA and L5 binding to P34. To test this hypothesis we mutated the residues of RNP1 in RRM1 to alanine and then characterized how this mutated P34 protein interacts with 5S rRNA and L5. Results from the filter binding assay between P34 R91A, Y92A and 5S rRNA showed that the binding affinity of 5S rRNA for this mutated protein increased two fold compared to the binding affinity of 5S rRNA for the wild type (non-mutated) P34 protein (Fig 7. Panel A) . This is similar to the result observed when just the aromatic amino acid (Y92) in RNP1 was mutated to alanine (Fig 5. Panel C) . The immune capture experiment between L5 and the P34 R91A, Y92A mutated protein showed that slightly more of L5 was bound to this mutated protein (1.5) compared to the amount that Predicted tertiary structure of the RRM domains of P34. P34 is predicted to contain two RRM domains connected by a short linker. The RRMs are composed of four anti-parallel β-stands packed against two α-helices that fold into a βαββαβ topology. N = N-terminus, C = C-terminus, green = location of the RNP2 residues in the predicted structure, red = location of RNP1 residues in the predicted structure, purple = R88-91 residues. Panel B. Primary sequence of P34. Orange residues = RRM1, blue residues = RRM2, green residues = RNP2, red residues = RNP1, Purple residues = location of the four arginine residues (R88-91) that were mutated to alanine, underlined residues = conserved aromatic amino acids. The colored boxes (orange = RRM1, blue = RRM2) depict the full sequences that compose the consensus RNP1 and RNP2 sequences with the colored green (RNP2) and red (RNP1) residues showing the conserved residues in both of the RRM domains of P34 protein. bound to the wild type non-mutated P34 protein (set as 1) (Fig 7 Panel B , compare lane 5 and lane 7. The bar graphs represent the mean and standard error of the mean (SEM) on three biological replicates). This was unexpected due to the fact that the R91 residue is part of the four tandem arginine residues that when mutated to alanine significantly decreased the binding between P34 and L5 (Fig 6. Panel C, lanes 7 and 9) . We also tested the effect that the P34 R91 residue alone has on the interaction with 5S rRNA and L5 protein. We mutated this residue to alanine and used it in filter binding and immune capture assays. Results from the filter binding experiments showed that, compared to the binding affinity of 5S rRNA for wild type (nonmutated) P34 protein, mutation of R91 to alanine had no significant effect on the binding affinity of 5S rRNA for this mutated P34 protein (Fig 7. Panel C) . Results from the immune capture assays showed that slightly more L5 bound to the P34 R91A mutated protein (1.3) relative to the amount that bound to non-mutated P34 protein (Fig 7. Panel D, compare lanes 5 and 7. The bar graphs represent the mean and standard error of the mean (SEM) on three biological replicates). These results show that the Y92A residue is the one that is influencing 5S rRNA binding to P34. Both R91 and Y92 influence L5 binding; however, their effects on binding are not additive when both residues are mutated to alanine. These results support our hypothesis that the role of the RNP1 residues in RRM1 is to modulate both 5S rRNA and L5 binding. Binding interactions of the RRM domains of P34
Discussion
Much of the literature concerning RRM domains focuses on RRM domain containing proteins that are involved in eukaryotic splicing and mRNA metabolism [32] . In T. brucei, many RNA binding proteins containing RRM domains have been identified and characterized [33] [34] [35] . However, the mechanism by which these RRM domains mediate binding has not been described. Our laboratory has characterized the interactions mediated by two trypanosomespecific RNA binding proteins P34 and P37 and their involvement in ribosome biogenesis. Both of these proteins contain two RRM domains that are predicted to fold in the canonical βαββαβ topology. Previous P34 protein studies have shown that the RRM domains are involved in binding to both 5S rRNA and L5 protein [19, 20] . RRM domains are the most abundant and most studied RNA binding domain [32] . Although the canonical structure of the RRM domain is conserved, this domain has developed diverse mechanisms to not only mediate protein-RNA interactions but also protein-protein interactions [32, 36] . In some instances, in order to mediate both protein-RNA and protein-protein interactions, the RNP1 and RNP2 consensus sequences are absent or only partially conserved and there is usually a signature protein binding region in addition to the RRM domain. This has been characterized for the U2AF homology motif (UHM) proteins, such as U2AF 65 , which contains a UHM domain (R-X-F) that mediates protein-protein interactions [37] . This has also been shown for two proteins involved in splicing, SRp20 and 9G8, which contain serine-arginine repeats located C-terminal to the RRM domain that meditates protein-protein interactions [38] . Several studies have also identified RRM domains can mediate simultaneous binding to both protein and RNA [36] . These examples show that there is a range of mechanisms for recognition by RRM domains. Therefore, the only way to fully characterize how an RRM domain mediates specific binding to its target molecule is by studying its interactions. Analysis of the primary sequence of P34 protein shows that it contains the canonical RNA binding motif in its RRM domains; however, we did not observe any protein binding motifs similar to those described above. Therefore, in these studies we explored how the RRM domains of P34 might mediate both interactions with 5S rRNA and L5 protein.
Using fluorescence resonance energy transfer (FRET), our laboratory previously characterized how the P34 N-terminal domain alone, the P34 RRM domains alone, and the P34 C-terminal domain alone mediate binding with 5S rRNA and with L5 [19, 20] . In the described studies here, we have dissected those results further by specifying how each of the domains of P34 contribute to binding to 5S rRNA and L5. For the protein-RNA interactions, we determined that the RRM1 domain of P34 mediates most of the binding between P34 and 5S rRNA since all of the P34 truncates containing RRM1 had similar calculated binding affinities (Fig  2) . We determined that the C-terminus of P34 contributes to binding with 5S rRNA because in its absence, the binding affinity of 5S rRNA for P34 decreased two fold. However, from previously published results, the C-terminus alone is unable to bind to 5S rRNA [19] . We also showed that the N-terminus, when combined with RRM1 alone has a small negative effect on 5S rRNA binding. However, this negative effect is not observed in the presence of RRM2 (Fig  2. Panel B and 2 Panel C) even though RRM2 alone binds poorly to 5S rRNA (Fig 2. Panel F) . These results indicate that these regions do not bind but modulate binding of 5S rRNA to P34. Unlike the protein-RNA results, for the protein-protein interactions between P34 and L5 we determined that the N-terminus of P34 combined with RRM1 alone mediates most of the binding with L5 (Fig 3. lane 7 and lane 9) We also showed that the C-terminus of P34 does not contribute to binding with L5 and although the P34 RRM2 domain alone is able to bind to L5, it does not appear to contribute to binding in the presence of the N-terminus and RRM1 (Fig  3. compare lanes 7, 11, and 15) .
Collectively, our results suggest that the N-terminus and RRM1 domains of P34 mediate residue specific binding to 5S rRNA and L5 and that the C-terminus and RRM2 structurally enhance these binding interactions. Several studies have described the involvement of the Nand/or C-terminus of RRM domain containing proteins in structurally contributing to the binding with the RNA target [39, 40] . NMR studies of the unfolding and folding patterns of the cleavage stimulation factor-64 (Cstf-64) protein showed that when this protein is not bound to its RNA target, the C-terminus adopts a helical structure and covers the β-sheet, which prevents random RNA binding. In the presence of its RNA target (GU nucleotides) the C-terminal helix unfolds and the β-sheet undergoes conformational changes upon specific RNA binding [41] . In our studies the N-and C-termini may function in a similar way. There may be a conformation of P34 that is preferable for both 5S rRNA and L5 binding and this conformation is dependent on the specific binding partner. For the interaction between P34 and 5S rRNA the N-terminus may fold in a conformation that limits 5S rRNA binding but does not affect L5 binding. Also, both the C-terminus and RRM2 domain of P34 may fold in a conformation that is favorable for the simultaneous binding of 5S rRNA and L5 to P34. Proteins that contain multiple RRM domains have been shown either to use more than one of the RRM domains to mediate RNA binding, as shown for the TIA-1 protein [42] or to utilize each of the RRM domains for a specific purpose, as shown for the UA1 protein [26, [43] [44] [45] . In the case of the P34 domains, our results suggest that all of the domains are important for binding in that the N-terminus and RRM1 contribute the most to the interaction with 5S rRNA and L5 and RRM2 and the C-terminus function to modulate these interactions.
Studies of canonical RRM-RNA interactions have shown that the RNP1 and RNP2 consensus sequences are involved in mediating these interactions [32] . Although not all of the sequences that compose RNP1 and RNP2 are conserved in the RRMs of P34, the aromatic amino acids described to mediate RNA binding are conserved. Therefore, we mutated these aromatic residues to determine whether the mutations would disrupt P34 and 5S rRNA binding. These mutations led to a two-fold increase in the binding affinity of 5S rRNA for P34 instead of decreasing the affinity (Fig 5) . This was a surprising result because in several studies where the residues in RNP1 and RNP2 have been mutated, these mutations lead to a strong decrease in the binding affinity of the RNA target for the protein [25, 31, 46, 47] . To our knowledge, this is the first report indicating that mutation of these conserved aromatic residues to alanine increases the binding affinity of the target RNA for the protein. Although unexpected, these results show that similar to other RRM-RNA binding mechanisms that have been described in literature, the residues that confer specificity of 5S rRNA binding to P34 may be located in regions outside of the RNP1 and RNP2 consensus sequences. These aromatic residues could be important in maintaining structure instead of making residue specific contact with 5S rRNA. This has been shown for the L5 protein where mutation of one aromatic residue (F180) to leucine led to a two-fold decrease in binding to 5S rRNA. However, mutation of the same residue to alanine led to a three-fold increase in the binding affinity of 5S rRNA for this mutated protein [48, 49] .
The P34 RRM-mediated binding interaction with L5 protein is trypanosome-specific. Thus, since P34 does not contain any signature protein-binding motif, to identify specific residues in P34 that mediate binding with L5, we individually mutated charged residues in the α-helices of P34. Our rationale was that the helices in the RRM domains would not be occupied by 5S rRNA and therefore could contain residues that mediate L5 binding. Mutation of these residues had no effect on binding between P34 and L5. In fact, the only residues that when mutated to alanine significantly decreased the interaction between P34 and L5 were four tandem arginine residues (R88-91) that are located in a predicted region between β 2 -β 3 (the last arginine, R91, is part of RNP1) (Fig 6 Panel A and B) . However, mutation of these residues had no effect on the binding affinity of 5S rRNA for P34 protein. Thus, unlike 5S rRNA binding to P34, L5 binding to P34 is sequence specific and these sequences lie in the junction of the predicted RNP1-linker region.
In eukaryotes, L5 is the only ribosomal protein that binds to 5S rRNA outside of the preribosome. This interaction functions to stabilize and localize 5S rRNA to the nucleolus to join ribosome assembly [50] . In the absence of L5, 5S rRNA is unable to localize to the nucleolus and does not get assembled into the forming pre-ribosomes, which leads to defects in proper ribosome formation [5] . Studies have also shown that the proper formation of this complex functions as one of the regulators of ribosome biogenesis [6, 7] . Our laboratory has shown that P34 and P37 are also essential for stability of 5S rRNA and that L5 alone is not sufficient to maintain wild type levels of 5S rRNA in the absence of P34 and P37 [14] . Hence P34 and P37 are crucial for complex formation in T. brucei. In characterizing how P34 mediates binding to both 5S rRNA and L5, conclusions drawn from both mutational analyses of P34 suggest that the binding site on P34 for both 5S rRNA and L5 are near each other in the N-terminus and RRM1 domains of P34. Since the formation of this complex is crucial for proper ribosome assembly, we hypothesized that the close proximity of the binding sites of both L5 and 5S rRNA on P34 is a mechanism for P34 to regulate/ mediate simultaneous binding to these two factors. More specifically, we hypothesized that the RNP1 residues in the RRM1 domain of P34 are part of the residues that are involved in modulating the binding of 5S rRNA and L5 to P34 protein. We showed that mutation of these RNP1 residues together led to a two-fold increase in the binding between this mutated protein with 5S rRNA (Fig 7 panel A) but the P34 R91 residue alone had no effect on 5S rRNA binding when mutated to alanine (Fig 7.  Panel C) . Mutation of the RNP1 residues together and individually had a small increase in binding with L5 protein (Fig 7 panels B and D) . These results are similar to the result observed when we mutated only the tyrosine (Y92) to alanine (Fig 5 Panel C) . These results show that the contribution of RNP1 residues to binding is not additive. Therefore, it could be that these RNP1 residues are involved in maintaining a specific structure that is favorable for simultaneous binding of L5 and 5S rRNA.
As previously mentioned, several studies have described RRM mediated simultaneous protein-protein and protein-RNA interactions. One example is from NMR studies of the polypyrimidine tract binding protein (PTB) a regulatory splicing repressor, which showed that the RRM2 domain of PTB mediates simultaneous binding with Raver1 protein and its RNA target sequence [51] . Studies of the interaction between the p14 protein, a member of the splicesomal U2 and U11/U12 small nuclear ribonucleoprotein (snRNP), with another U2 snRNP protein, SF3b155, showed that this protein-protein interaction limited RNA binding [52] . p14 contains only one RRM domain where the majority of the β-sheet is covered by the SF3b155 protein leaving only several binding sites (one containing a conserved RNP2 aromatic amino acid) to mediate weak interactions with its RNA target [52] . Our studies of the interactions of the RRM domains of P34 with 5S rRNA and L5 suggest that RRM-RNA interaction is structure-specific and that RRM-protein interaction is sequence-specific. These results led us to hypothesize that modulation of binding to P34 is necessary for proper complex formation. We offer the model that this modulation is mediated by the RNP1 sequences in RRM1 and residues flanking this sequence to ensure that there is one conformation of P34 that is favorable for simultaneous binding of both 5S rRNA and L5. Whereas L5 binding of P34 is mediated largely by the four arginine residues adjacent to RNP1 in RRM1, specific 5S rRNA binding could be mediated by the final structure that P34 forms upon simultaneous binding with both 5S rRNA and L5. To test the hypotheses formulated from these studies, future work in our laboratory will focus on characterizing these simultaneous interactions between all three of the factors (5S rRNA-L5-P34). These experiments, together with structural studies of P34 will allow for us to be able to test our model on the role of the RNP1 and RNP2 residues in P34 and also on the role of the RRM2 and C-terminal domains of P34. Collectively these experiments will allow for us to determine whether the binding of P34 with 5S rRNA and L5 are due to conformational selection, induced fit binding, or both. 
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